ABSTRACT: The purposes of this case-control study (N ¼ 20) were to examine the effects of insertional Achilles tendinopathy (IAT) and tendon region on tendon strain in patients with IAT compared to a control group without tendinopathy. An ultrasound transducer was positioned over the Achilles tendon insertion during dorsiflexion tasks, which included standing and partial squat. A non-rigid image registration-based algorithm was used to estimate transverse compressive and axial tensile strains of the tendon from radiofrequency ultrasound images, which was segmented into two regions (superficial tendon and deep). For transverse compressive strain, two-way mixed effects ANOVAs demonstrated that there were interaction effects between group and tendon region for both dorsiflexion tasks (Heel lowering, p ¼ 0.004; Partial squat, p ¼ 0.008). For axial tensile strain, the IAT group demonstrated a main effect of lower tensile strain than the control group (Standing, p ¼ 0.001; Partial squat, p ¼ 0.033). There was also a main effect of greater tensile strain in the superficial region of the tendon compared to the deep during standing (p ¼ 0. 
Insertional Achilles tendinopathy (IAT) affects 6-18% of recreational athletes. 1 Initial treatment is conservative care, including exercise, activity modification, and heel lifts. 2 Unfortunately, conservative care for IAT is often ineffective, 3 resulting in approximately 50% of IAT patients proceeding with surgery. 4 To date, there is fair evidence for the treatment of IAT patients with surgery once they have failed a period of conservative management. Some studies report success rates of up to 90%, 5 while other studies report that 40% of patients report residual pain more than 2 years after surgery. 6, 7 Given the duration of immobilization (2-4 weeks) and surgical risks, including problems with wound healing, scar hypersensitivity, and reoccurrence, many patients want to maximize conservative treatment.
The histological and clinical features of IAT indicate that transverse compressive strain (i.e., compressive strain along the short axis of the tendon) could be a key contributor to the onset and preservation of the IAT disease state. At the tendon insertion of patients with IAT there are increased cartilage matrix proteins (type II collagen and aggrecan) 8 and rounder tendon cells, which suggest metaplasia to cartilage cells (chondrocytes). 8 Tendinopathy is also associated with changes in tendon mechanics, with IAT tendons demonstrating increased compressive modulus compared with healthy controls, indicating an intrinsically more rigid tissue. 9 These histological changes in IAT tendon are nearly identical to tendon alterations caused by high levels of transverse compression. [10] [11] [12] Specifically, in vivo studies indicate that regions of tendon adjacent to bone that experience repeated compression exhibit increased type II collagen and aggrecan content, decreased collagen alignment and increased compressive modulus characteristics generally associated with cartilage. Clinically, the deep portion of the Achilles insertion, the region closest to the calcaneus, is the site most affected by IAT. 6 In healthy adults, we have recently demonstrated that the deep side of the Achilles tendon experiences greater transverse compressive strain than the superficial side (closer to the skin) due to contact with the calcaneus (heel bone). 13 Hence, IAT in the deep region of the tendon could be an adaptation of the Achilles tendon insertion to increased transverse compression. Furthermore, transverse compression-induced fibrocartilage in IAT tissue may also be an intermediate state prior to formation of bone (either calcium deposits or bone spurs), a prominent feature of IAT. [14] [15] [16] Nevertheless, it remains unknown how IAT alters the pattern of transverse compressive strain in the Achilles tendon, which could more directly inform this clinical theory.
There exist conflicting ideas about the role of axial tensile strain (i.e., tension along the long axis of the tendon) in the development of tendinopathy. In the clinic, treatment for IAT is commonly driven by the idea that it is an overuse injury with symptoms that are exacerbated by mechanical loading. 17 This idea combined with findings of decreased tensile stiffness in Achilles tendinopathy 18, 19 suggest that excessive tensile strains may be present in patients with IAT. Alternatively, reduced strains and "stress shielding" are also theorized to contribute to tendinopathy. [20] [21] [22] [23] [24] Applied to IAT, "stress shielding" refers to the deep region of the Achilles tendon insertion receiving a lower load compared to superficial and surrounding regions. Using a cadaveric model, Lyman et al. 22 demonstrated greater ex vivo strain of the superficial region of the tendon compared to the deep during ankle dorsiflexion, which may predispose the deep region of the Achilles tendon insertion for stress-shielding with tensile loads. However, to date, axial tensile strains have not been characterized in the Achilles tendon insertions of healthy controls and patients with IAT during in vivo tasks.
Information about tendon mechanics in patients with IAT is needed to drive the development of novel conservative care treatments and to refine existing methods designed to prevent the progression and/or reoccurrence of IAT. The purposes of this study were to examine the effects of IAT and tendon region on tendon strain in patients with IAT compared to a control group without tendinopathy. Previous research has demonstrated that during tasks requiring ankle dorsiflexion that there was greater compression in the deep region of the tendon than the superficial in health controls. 13 We hypothesized that this pattern between tendon regions would be unique to the control group and that the IAT group would demonstrate a decreased magnitude of transverse compressive strain in the deep tendon due to pathological stiffening of the tendon. We further hypothesized that this stiffening would lead to reduced axial tensile strain in the tendon insertion. In addition, we hypothesized that dorsiflexion tasks would induce greater axial tensile strain in the superficial region of the tendon relative to the deep region, due to bending of the tendon around the calcaneus.
METHODS

Study Participants
A total of 20 individuals (10 patients with a diagnosis of IAT and 10 controls without foot or ankle pain) participated in this Level III evidence, case-control study (Table 1) . Patients were recruited from the clinics of two fellowship-trained foot and ankle orthopaedic surgeons where the diagnosis was made using radiographic and clinical findings including pain and tenderness at the insertion of the Achilles tendon into the calcaneus.
Ultrasound imaging demonstrated increased anterior-posterior diameter of the Achilles tendon at the insertion for the IAT group compared to the control group (Table 1) . Exclusion criteria included midportion Achilles tendinopathy, rheumatological disease, diabetes, or history of ankle surgery. Additionally, healthy controls were excluded if they had Achilles tendinopathy or had ever experienced insertional Achilles tendon pain. The Victorian Institute of Sport AssessmentAchilles Questionnaire (VISA-A), 25 which has been validated in people with Achilles tendon pain, was used to assess IAT symptom severity. Scores range from 0 (indicating inability to perform daily tasks such as stair descent and walking) to 100 (indicating ability to fully participate in daily activities and sports). The IAT group had an average score of 57 with a standard deviation of 24. All subjects were informed of the study procedures and signed a consent form approved by the institution's Research Subjects Review Board.
Experimental Procedures
Participants completed two trials of each task (standing and partial squat), which required low amounts of ankle dorsiflexion that could be standardized and tolerated by participants with IAT. Pilot testing revealed that in standing (neutral ankle position) the posterior-superior calcaneus was commonly in contact with the tendon. To eliminate this contact and approximate a zero strain state, both tasks began with the participant standing in ankle plantar flexion on an inflatable platform (Fig. 1) . The back of the platform was raised to a 17˚inclination, which is equivalent to a 30 mm heel lift height. Positioning was measured using an inclinometer, calibrated to a level surface. For standing trials, air was released from the air bladder, over a period of 3 s, until the platform was level with the ground. For partial squat trials, the airbladder was again raised to 17˚and lowered to the level ground, then participants were instructed to conduct a partial squat to their maximum dorsiflexion without raising their heels off of the platform. Both the standing and partial squat tasks began at 17i nclination (0% strain), so that each task began from a common frame of reference.
To ensure a point of equivalent comparison during the partial squat across all participants, leg inclination was captured using a video camera. Reflective tape was placed on the fibular head and lateral malleolus and used as position reference markers in the captured video. Matlab was used to process the video data and draw a line connecting the pieces of tape, which was used to assess the tibial inclination relative to the level floor, to obtain time dependent angle measurements. For the partial squat task, data was analyzed from the initial starting position to 15o f tibial inclination. The range of ankle motion during which strains were examined represent the range of motion used during a wide variety of functional tasks, such walking and stair ascent. 26, 27 Therefore, the strain levels examined in the current study represent a magnitude that is likely repeated frequently throughout the day.
An Ultrasonix (Sonix Touch Ultrasound system, British Columbia, Canada) L9-4/38 transducer was positioned over the tendon insertion to obtain radiofrequency ultrasound videos of tendon motion. The ultrasound images were collected with a center frequency of 10 MHz, a sampling frequency of 40 MHz, a depth of 3 cm, and at a frame rate of 128 Hz. Positioning of the transducer was secured using a custom 3D printed plastic shell around the transducer head and ankle brace to secure the probe at the tendon insertion. Additionally, an Aquaflex Groups were compared with a Chi-square test. Statistically significant differences are in bold.
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Ultrasound Gel Pad (Parker Laboratories, Fairfiled, NJ) was placed between the heel and the probe in an effort to accommodate the shape of the heel and optimize image quality. Strain was calculated within the 1 cm of tendon distal to the most superior portion of the posterior calcaneus. The tendon was subdivided into two regions of interests of equal width and referred to as the superficial and deep regions (Fig. 2a) . The spatial mean values of strain within each region of interest (i.e., the mean value in the deep and superficial tendon as defined by the blue boxes in Fig. 2 ) were analyzed for each trial. The two values were averaged to provide one representative trial, unless the strain values differed by more than 3% between trials (this occurred for partial squat data with three participants). In these cases the strain values from the standing task was used to inform which trial was more representative. Ultrasound elastography was used to capture tendon strain. The non-rigid image registration-based algorithm used in the current study has been previously described. 13 Briefly, the algorithm compares patterns of signal intensity within the tissue between pairs of radiofrequency video frames. The displacement of the tissue, relative to the starting position, was used to calculate strain for each task. Transverse compressive strain was defined as the minimum principal strain (in two dimensions) and axial tensile strain was defined as the maximum principal strain. Since the principal axis was along the long axis of the tendon (Fig. 2b) , the transverse compressive strain corresponds to strain along the short axis of the tendon while the axial tensile strain corresponds to the strain along the long axis ( Fig. 2c-f ).
Data Analysis
Two-way mixed effects ANOVAs (fixed effect ¼ group, repeated measure ¼ tendon region) were used to test the association of these factors on tendon transverse compressive and tensile strains during dorsiflexion tasks of standing and partial squat for both the superficial and deep region of the tendon. As a post-hoc analysis to test if findings were driven by group differences in BMI, all analysis were repeated with the strains normalized to BMI.
RESULTS
There was an interaction effect between group and tendon region for both dorsiflexion tasks (Table 2) . During standing there was 54% higher transverse compressive strain in the deep region compared to the superficial in the control group. Yet this difference between regions did not occur in the IAT group (p ¼ 0.004). Similarly, during the partial squat there was 37% higher transverse compressive strain in the deep region of the tendon compared to superficial in the control group, but this pattern was not demonstrated in the IAT group (p ¼ 0.008, Fig. 3a) . In parallel, the posthoc analysis normalizing strain to BMI demonstrated interaction effects between group and tendon region (Standing: p ¼ 0.002, Squat: p ¼ 0.009).
There was a main effect of group on axial tensile strain during dorsiflexion tasks ( Table 3 ). The IAT group demonstrated lower axial tensile strain than the control group during standing (p ¼ 0.001) and partial squat (p ¼ 0.033, Fig. 3b ). For both groups there was greater tension in the superficial region of the tendon compared to the deep during standing (p ¼ 0.002), but not during partial squat (p ¼ 0.603, Fig. 3b ). In parallel, the post-hoc analysis normalizing strain to BMI demonstrated main effects of group (p ¼ 0.001) and tendon region (p ¼ 0.002) during standing, and a main effect of group during the squat (p ¼ 0.011).
DISCUSSION
This is the first study to demonstrate that patterns of transverse compressive and axial tensile strain during ankle dorsiflexion differ in persons with IAT. These findings support clinical theories on how dorsiflexion contributes to the development and progression of IAT. Consistent with the study hypothesis and a previous study, 13 the control group demonstrated higher transverse compressive strain in the deep region of the Achilles tendon insertion compared to the superficial. In contrast, the IAT group demonstrated relatively low levels of transverse compressive strain in both the deep and superficial tendon regions. These findings demonstrate that the effects of IAT on transverse compressive strain are most evident in the deep region of the tendon, the same location where IAT pathology most commonly occurs. 28 Repeated compression of the Achilles tendon insertion during daily activities could lead to adaptation and/or pathology of the tissue, resulting in a stiffer tissue. This interpretation is supported by several studies demonstrating the presence of cartilage-like tissue and osteophytes in the location of IAT pathology. 8, 14, 15 Thus, our findings are consistent with the theory that IAT tendon adapts through metaplasia into tissue that can better resist calcaneal impingement. While intervention studies are needed to test this idea, the clinical application of this theory is that a reduction in transverse compressive strain (e.g., avoidance of endrange DF as part of activity modification and exercise education) could help reduce IAT symptoms and the progression of tendon pathology.
The hypothesis on axial tensile strain was partially supported in that lower axial tensile strains were found in the IAT group compared to healthy controls. As predicted, this finding further supports the idea that tissue adaptation to transverse compression at the tendon insertion in patients with IAT has a general stiffening effect. Yet, this case-control study cannot determine if the tendinopathy caused the altered strain patterns or vice versa. Alternatively, the findings of reduced axial tensile strain could support the stress deprivation theory that reduced strain in the deep tendon region leads to tendinopathy. One potential cause of stress deprivation and lower strain in the IAT group could be decreased muscle activity on the painful side resulting in a lesser pull from the calf muscles on the Achilles tendon. Regardless of whether the lower strain values are from changes in the tissue structure and/or an altered motor pattern, development of novel interventions could be driven by the goal of gradually increasing strain at the tendon insertion to normalize tendon mechanics.
During standing there was greater tensile strain in the superficial region of the tendon compared to the deep in both groups, which is consistent with the ex vivo findings by Lyman et al. 22 Surprisingly, this pattern was not demonstrated during the partial squat task. This difference between tasks could be due to either greater ankle dorsiflexion during the partial squat task or that the partial squat required greater muscle activation, which altered tensile strain patterns. While overuse may contribute to IAT, it is likely not overloading due to purely tensile strains but rather a combination of compression, tension, shear, and friction forces.
In interpreting the strain map patterns obtained in the current study, the complex, multiaxial loading environment of the Achilles tendon insertion must be considered. In particular, axial tensile loading is applied to the tendon due to calf muscle contraction while compressive loading is applied to the tendon through calcaneal impingement. Both of these types of loading induce compressive strain in the tendon through the Poisson effect and through direct contact (respectively). However, unlike the case of pure uniaxial tensile loading, the (negative) ratio of transverse compressive strain to axial tensile strain is not equivalent to the Poisson ratio of the tendon in the insertion where multiaxial loads are applied. Moreover, note that areas of high transverse compressive strain do not always correspond to areas of high axial tensile strain, suggesting that local alterations in tissue volume may occur due to poroelastic fluid exudation. However, this interpretation must be made with caution, as a limitation of two-dimensional strain mapping is that it does not allow for quantification of local tissue volume. Finally, although the compressive strain in the Achilles tendon insertion reaches values as high as 50%, this is a localized phenomenon occurring at the point where the calcaneus impinges against the tendon. Given that tendon is a highly anisotropic tissue known to have a dramatically lower modulus under transverse compression compared with axial tensile strain, the high values of compressive strain measured in the current study may not be surprising and are in fact consistent with previous published work. 1 A limitation of the study is that IAT group had a higher BMI than the control group. The post-hoc analysis indicates that, rather than BMI, our findings were driven primarily by group and tendon region. Yet future tendinopathy studies should aim to match groups based on BMI to minimize the potential influence of this demographic variable on results. Another limitation is that a true zero strain state would be a non-weight-bearing position with the ankle in 30˚of ankle plantar flexion. 29 Yet for participant comfort and ease of performing a standardized task, the current study used partial weightbearing ankle plantar flexion as an approximation of zero strain. Therefore the measures of strain in this study may slightly underestimate the total strain occurring in the tendon. Nevertheless, since equivalent methods were used for healthy and IAT individuals, this underestimation should not have affected comparisons between groups.
